Introduction
The biguanide metformin is used in the treatment of type 2 diabetes (T2D) as it decreases blood glucose levels by inhibiting hepatic gluconeogenesis and stimulating glucose uptake by muscle cells (Viollet et al. 2012) . T2D is associated with increased cancer risk including that of breast cancer possibly due to increased plasma insulin levels (Jalving et al. 2013; Pollak 2013) . A seminal study (Evans et al. 2005) reported that cancer incidence in T2D patients prescribed metformin was lower than in those not receiving metformin. More recently, metformin use by women with T2D was shown to reduce the risk of breast cancer (Bodmer et al. 2010 ) even when patients who administered insulin, a possible causative cancer agent, were removed from the analysis.
Studies also suggest that metformin may be used as a cancer treatment. The website clinicaltrials.gov details 29 clinical trials underway on breast cancer patients treated with metformin, either in combination treatment with other anticancer drug regimens or prior to surgical resection. An example of a completed study reported in the literature has found that metformin treatment, when used as an adjuvant, is associated with increased pathological complete response in early breast cancer (Jiralerspong et al. 2009 ).
Metformin inhibits the mitochondrial respiratory chain complex 1 resulting in decreased cellular energy status (Batandier et al. 2006 ) and activation of AMPK (AMPKactivated protein kinase) which has been shown to be associated with decreased mTOR activation resulting in inhibition of protein synthesis and proliferation (Dowling et al. 2007 ) as the cell reverts to an energy-saving state. Other intracellular signalling kinases may be involved in the anticancer effect of metformin (Vazquez-Martin et al. 2011; Liu et al. 2011; Soares et al. 2013; Wurth et al. 2013; Queiroz et al. 2014; Li et al. 2014; Buac et al. 2013) in some cases independently of AMPK, e.g., it has been shown (Zhu et al. 2014 ) that metformin inhibits the PI3K/Akt/ mTOR pathway in HER2-and EGFR-overexpressing cells by interfering with, e.g., HER2/insulin-like growth factor (IGF)-1R receptor interactions. Metformin has also been shown to inhibit Akt in MCF7 (Queiroz et al. 2014 ) and glioblastoma (Wurth et al. 2013 ) cells and ERK in MCF7 (Queiroz et al. 2014) . However, other studies have demonstrated increased activation of Akt in MDA-MB-231 breast cancer cells (Buac et al. 2013 ) and ERK in immortalised keratinocytes (Li et al. 2014) . Taken together, these findings suggest that the effects of metformin on the Akt and MAPK pathways are context related.
We have recently shown that the Akt pathway plays an important role in influencing [
18 F]FDG incorporation (Fleming et al. 2014) . However, the relationship between Akt (PKB) activation and [
18 F]FDG incorporation is likely to be modulated by drugs that influence several intracellular signalling pathways. Metformin is a safe compound (with only minor gut-related side effects) which is administered to T2D patients over long periods. However, as an anticancer drug, metformin is likely to be administered as an adjuvant with established chemotherapy agents, which in breast cancer include the anthracycline doxorubicin and in the case of HER2-overexpressing breast cancer, the humanised anti-HER2 antibody, trastuzumab. Both of these drugs can induce cardiomyopathy (Slamon et al. 2001) , so early detection of response to these drugs is imperative. (Habibollahi et al. 2013 ) incorporation possibly interfering with the changes in [
18 F]FDG incorporation induced by conventional treatments, effects that have so far not been examined.
With so many clinical trials underway, it is important to establish how metformin might modify the effect of the more aggressive anticancer drugs on [
18 F]FDG if PET is to be utilised in their clinical response assessment. In this study, the effect of metformin alone and combined with trastuzumab (or cetuximab) on pAMPK, pPKB and pERK1/2 expression in four breast cancer cell lines, three of which overexpress HER2 (Fleming et al. 2014 ) and one HER1, was characterised. The effect of combined treatment with doxorubicin, trastuzumab (or cetuximab) and metformin on [
18 F]FDG incorporation was then examined. Apoptosis is often activated by anticancer treatment and can influence glucose metabolism (Aide et al. 2009 ). As this study used a variety of anticancer treatments, the level of activation of caspase 3/7, an early event in apoptosis, was determined during treatment.
Materials and methods

Materials and chemicals
[ 18 F]FDG was prepared by the Aberdeen PET centre at the University of Aberdeen. All chemicals were obtained from Sigma-Aldrich (Poole, UK) unless otherwise stated.
Cell culture
Cells were maintained in Dulbeccos Modified Eagle's medium (Gibco, Life Technologies Ltd., UK) supplemented with 10 % foetal bovine serum (Gibco) and penicillin (100µ/ml)/streptomycin (100 µg/ml). Cells were grown until confluent in 75-cm 2 tissue culture flasks, and individual experimental flasks (25 cm 2 ) were seeded from trypsinised flasks prior to experiments.
Cytotoxicity
The growth-inhibitory effect of metformin on each cell line was determined using the MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazonium Bromide) assay as described previously (Fleming et al. 2014) . Cells were plated into 96-well pates at a seeding density of 50 × 10 3 cells/ml (MDA-MB-453, MDA-MB468 and SKBr3) or 75 × 10 3 cells/ml (BT474; 0.1 ml per well). They were left overnight at 37 °C in a CO 2 incubator and then treated with a range of doses of metformin (1-20 mM) for 72 h. In combination studies, the clinically relevant dose of 200 nM [based on plasma levels of patients receiving doxorubicin (Kontny et al. 2013 )] with and without trastuzumab (5 µg/ml)/cetuximab (5 µg/ml; Cheyne et al. 2011 ) and/or metformin (10 mM) for 72 h was used.
Western blotting MDA-MB-453, BT474, MDA-MB-468 and SKBr3 cells were seeded at 0.5 × 10 6 cells/60 mm plate and grown for 3 days. Cells were exposed to metformin (10 mM), in the presence or absence of trastuzumab/cetuximab (5 µg/ml), for 24 h. Western blots were performed as described previously (Fleming et al. 2014; Smith et al. 2013) . Antibodies were sourced from cell signalling (pAMPK, AKT, phosphoSer473 AKT, p44/42 ERK1/2, phospho-Thr202/Tyr204 p44/42 ERK1/2), Insight Biotechnology (AMPK) and Sigma (actin). W. blotting was carried out at least three times using independent samples, and representative blots are shown.
Caspase 3 and 7 activation
Cells were plated into dark-walled 96-well plates (SigmaAldrich, UK) at a density of 150 × 10 3 cells/ml (0.1 ml per well) and treated with drugs as for the MTT assay. After 24 or 48 h, cells were lysed by addition of 25 µl of lysis buffer consisting of 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES; 10 mM), phenylmethylsulphonyl fluoride (PMSF; 1 mM), 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulphonate (CHAPS; 5 mM), ethylene-diamine-tetra-acetic acid (EDTA; 2 mM) and β-mercaptoethanol (5 mM). After 30 min on ice, 125 µl of assay buffer was added consisting of HEPES (20 mM), EDTA (2 mM), and the cleavage substrate of caspase 3 and 7, Ac-DEVD-AMC (20 mM) and the cells left at 37 °C for 4 h. Fluorescence was determined in a fluorescence microplate reader FLx800TBI (BioTek) with excitation/emission wavelengths of 360/460 nm. 6 cells per flask) in 5 ml of medium and allowed to incubate for 24 h at 37 °C. Media was then removed and the cells treated by addition of media containing metformin (usually 10 mM), trastuzumab (5 ug/ml)/cetuximab (10 ug/ml), doxorubicin (usually 200 nM) or combinations of these drugs for 4 h, 24 h or 72 h. The media was then replaced with 1 ml of medium containing [ 18 F]FDG was administered to each flask. Incubation was continued for 20 min after which the medium was removed from the flasks and the cells washed 5× with warm PBS (5 ml) over a 5-min period to facilitate washout of non-metabolised tracer (to simulate the conditions of PET scans). The cells were then detached by addition of 0.5 ml of trypsin (0.05 %)/EDTA (0.2 %) and neutralised with 0.5 ml of medium. The cell suspension was recovered into microfuge tubes and incorporated [ 18 F]FDG measured using a well counter with a Nuclear Instruments (Oakland, UK) interface until >1,000 counts accumulated. The cells were then pelleted by centrifugation at 200g for 5 min, washed once with PBS and the pellet resuspended in 100 μl of NaOH (1 M) and left overnight at 37 °C. After neutralisation with 100 μl of HCl (1 M), a protein assay was carried out on the dissolved tissue using a BCA kit (SigmaAldrich, UK). The [18F]FDG incorporation was then normalised by dividing by the protein value.
[ 3 H]-o-methylglucose (OMG) uptake assay O-methylglucose is transported by glucose transporters but not metabolised. Its initial rate of uptake is a measure of glucose transport. Here, uptake is measured over a period of 5 s at which time we have previously shown its uptake is still increasing with time in the cell lines used in this study (Fleming et al. 2014; Cheyne et al. 2011) , so uptake at 5 s is a measure of glucose transport rate. Flasks (25 cm 2 ) were seeded with cells and treated in quadruplicate as described for [ 18 F]FDG in 1 ml medium for 10 s or 1 min and then washed 6× rapidly with ice-cold PBS. One millilitre of PBS was added, and the cells incubated for 2 min at 37 °C to facilitate efflux of non-phosphorylated [
18 F]FDG. PBS was then removed and placed in a microfuge tube for radioactive counting. Cells were trypsinised and placed in another microfuge tube for radioactive counting. To check that the procedure gave a true measure of % phosphorylated [
18 F]FDG, MDA-MB-453 cells were incubated with [
18 F]FDG for 1 min, washed 6× with ice-cold PBS and the cells immediately treated with 0.5 ml of NaOH (1 M) and left for 3 h at 37 °C. The NaOH-digested cells were then neutralised with 0.5 ml HCl 1 3
(1 M) and divided into two 0.5 ml samples. To one sample was added 0.2 ml of 0.3 M Ba(OH) 2 and 0. Lysate and mitochondrial preparation and hexokinase activity Cells treated with metformin (10 mM) were lysed, and the lysate fractionated into cytoplasmic and mitochondrial fractions using a mitochondrial isolation kit following the manufacturer's instructions (Sigma-Aldrich, Poole, UK). Total hexokinase was determined on the cell lysate after a slow centrifugation (600g) to remove cell debris. Hexokinase activity was determined as previously described (Cheyne et al. 2011 ). Figure 1a shows the effect of increasing concentrations of metformin on the growth of each cell line. A dose of 10 mM metformin decreased growth of MDA-MB-453 and MDA-MB-468 cells to about 40 % of control, but the growth of BT474 and SKBr3 cells was only decreased to about 60 % of control. Figure 1b shows the effect of metformin and trastuzumab/cetuximab on the growth of four breast cancer cells overexpressing HER2 (BT474, SKBr3 and MDA453) or HER1 (MDA468). Trastuzumab decreased cell growth by about 30 % in each of the HER2-overexpressing tumour cells whilst cetuximab decreased MDA-MB-468 cell growth by 14 %. The growth-inhibitory effect on BT474 cells of combined metformin and trastuzumab was significantly (metformin + trastuzumab vs trastuzumab t = 4.4, p < 0.01; metformin + trastuzumab vs metformin t = 22, p < 0.001) greater than either treatment alone. Inclusion of metformin with trastuzumab on SKBr3 (t = 7.74, p < 0.001) or MDA453 (t = 7.59, p < 0.001) cells or of metformin with cetuximab on MDA468 (t = 15.2, p < 0.001) cells increased the growth-inhibitory effect. However, conversely, the effect of metformin on the growth of these three cell lines was not enhanced by inclusion of trastuzumab or cetuximab.
Results
Western blotting established that AMPK and pAMPK are present in normal growth conditions in all four cell lines (Fig. 2) . Metformin increased pAMPK levels in all four cell lines, with the greatest increases observed in MDA453 and BT474 cells. Whilst pAMPK expression is not affected by cetuximab/trastuzumab in any cell line, combination treatment caused a clear enhancement of the metformin effect in BT474 cells, and a modest increase in MDA468 cells. As expected (Normanno et al. 2002) , PKB (Akt) phosphorylation is sensitive to trastuzumab and cetuximab treatment, but metformin only decreases Akt phosphorylation in MDA468 cells and in BT474, MDA-MB-453 and SKBr3 the combination of metformin and trastuzumab appears to counter the effect of trastuzumab alone. ERK phosphorylation is only affected by cetuximab treatment of MDA-MB-468 cells or metformin treatment of MDA453 cells. Figure 3a shows the growth-inhibitory effect of combining metformin and/or trastuzumab (or cetuximab) with a clinically relevant dose (Kontny et al. 2013 ) of doxorubicin 200 nM (as this dose only inhibited the growth of BT474 cells by a few % (results not shown), these cells were treated with a dose of 500 nM (within the clinically relevant dose range)). Doxorubicin inhibited cell growth to 50 % of untreated cells (t = 15.8, p < 0.001). Addition of trastuzumab decreased growth to 39 % (compared with doxorubicin alone: t = 2.14, ns) of control whilst the combination of metformin with trastuzumab decreased growth rate to 27 % of control which was significantly greater than doxorubicin alone (t = 4.1, p < 0.01). Doxorubicin (200 nM) treatment of MDA453 cells decreased cell growth to 60 % of control (t = 4.58, p < 0.05). Inhibition of growth of MDA453 cells was enhanced by addition of trastuzumab (t = 8.6, p < 0.001) or metformin (t = 3.59, p < 0.05), but the combination did not produce a significantly greater inhibition of cell growth compared with either doxorubicin and trastuzumab or doxorubicin and metformin. Figure 3b shows the effect of doxorubicin with and without metformin and trastuzumab or cetuximab on caspase 3/7 activity. In common with other studies on breast cancer cell lines, metformin did not induce activation of caspase 3/7 (Zordoky et al. 2014) . Doxorubicin increases caspase 3/7 activity in SKBr3 cells and to a lesser extent in MDA468 cells. Interestingly, these cell lines are more sensitive to doxorubicin than are BT474 or MDA-MB-453 cells in which caspase 3/7 activity is not increased by doxorubicin. Neither metformin nor trastuzumab or cetuximab increases caspase 3/7 expression, suggesting that they do not induce apoptosis in these cell lines. Similar results were seen after 48-h drug treatment (results not shown).
[ 18 F]FDG incorporation was determined in cells treated for 4 h as this is when direct effects from intracellular signalling pathway modulation are likely to be observed prior to other changes related to cell death or decreased proliferation. Trastuzumab also affects intracellular signalling pathways (Fleming et al. 2014) , so was included in combination with metformin at this time point. Twenty-four [ 18 F]FDG incorporation was also measured after 11-day treatment with lower doses of metformin in BT474 cells (Fig. 5) . Incorporation was found to be increased even after treatment with the 5 µM metformin after 11 days, suggesting that chronic exposure to low-dose metformin can also induce increased [
18 F]FDG incorporation and remain increased for long periods.
To explore how metformin treatment increases [ 18 F] FDG incorporation, glucose transport and hexokinase activity were measured in each cell line after treatment with metformin. Glucose transport was determined by measuring the initial rate of uptake of the non-metabolised glucose analogue, [
3 H]OMG, by control and metformin-treated cells. Treatment with metformin increased glucose transport by BT474 cells, but decreased it in MDA-MB-468 and SKBr3 cells (Fig. 6a) . Total hexokinase activity was found to be unchanged in lysates from each cell line that had been treated with metformin (results not shown). In two cell lines, the distribution of hexokinase activity in cytoplasm and mitochondria was determined and found to be unchanged by treatment of cells with metformin [BT cells: control 22 % (±2) and metformin treated 24 % (±5) and in MDA-MB-453 cells: control 31 % (±4) and metformin treated 31 % (±10)]. Metformin effects may only be apparent in intact cells (El-Mir et al. 2000) , so to measure phosphorylation rate in intact cells, the level of phosphorylated [ 18 F]FDG in control and metformin-treated cells incubated with [
18 F]FDG for short times was determined (Fig. 6b, c ) and found to be significantly higher in metformin-treated cells than in control cells, suggesting that [18F]FDG phosphorylation is occurring more rapidly in metformin-treated cells.
Discussion
In common with other studies (Thompson 2014) , AMPK activation was found to be enhanced in each cell line after treatment with metformin whilst the level of activated Akt and ERK were each only changed in one cell line. The mechanism of increased AMPK activation has been suggested to be due to inhibition of mitochondrial respiration inducing a cellular energy crisis and the resulting decrease in ATP levels activating AMPK (Guigas et al. 2014) . Phosphorylation of Akt on Thr308 is increased by overexpression of HER, and metformin has been shown (Zhu et al. 2014 ) to decrease Akt activity by interfering with HER/ IGF receptor interaction amongst other mechanisms (Ning and Clemmons 2010 (Sliwinska et al. 2009 ) and which were evident in our cells after 72-h doxorubicin treatment. Habibollahi et al. (2013) Metformin only increased glucose transport in BT474 cells and decreased glucose transport in SKBr3 and MDA-MB-468 cells both of which demonstrate high levels of glucose transport, compared with MDA-MB-453 and BT474 cells, which are unlikely to be rate limiting (Fleming et al. 2014) . Glucose transport was also found to be even higher by MDA-MB-468 cells (3,054 cpm/mg protein) than by SKBr3 cells (SKBr3 cells 2,393 cpm/mg protein). Total hexokinase activity was not increased in lysates from cells treated with metformin nor was the distribution of hexokinase activity between cytosol and mitochondria altered. However, glycolytic flux, which will modulate hexokinase activity, is influenced by the concentration of glycolytic intermediates, but this effect is lost when cells are lysed. Also protein effects from the modulation of membrane properties by metformin (Schafer 1976; Wiernsperger 1999) have been shown to be lost in non-intact cells (El-Mir et al. 2000) . Using intact cells exposed to [
18 F] FDG, the percentage of phosphorylated [
18 F]FDG was significantly higher in each cell line after treatment with metformin. The more efficient phosphorylation of [
18 F] FDG in metformin-treated cells may reflect higher rates of membrane hexokinase activity due to modifications to the mitochondrial membrane environment or an increase in the glycolytic flux reducing product inhibition of hexokinase. Another possibility is that the rate of diffusion of [
18 F] FDG is faster in metformin-treated cells. It is known that plasma membrane properties affect the rate of diffusion of molecules within the adjacent cytosol (Swaminathan et al. 1996) , and [
18 F]FDG may reach hexokinase in metformintreated cells more rapidly.
In common with most laboratory-based work, this study used metformin doses in the low mM range for time periods of 4 h to several days as these doses produced appreciable growth inhibition within a practical experimental timeframe. Serum concentrations of subjects receiving metformin are up to tens of µM. However, metformin is administered to patients over long time periods and, due to its positive charge, accumulates in tissues, probably mitochondria, reaching concentrations several orders of magnitude greater than in serum, so cells in tissues may conceivably be exposed to mM concentrations of metformin (Owen et al. 2000) . Otto et al. (2003) induce similar cellular effects as higher doses over shorter time periods. We show that clinically relevant doses of metformin for periods of 11 days can induce increased [
18 F] FDG. 
Conclusion
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